regulators of synaptic vesicle exocytosis. Our data sug-
gest that CPXs function at or following the Ca 2ϩ -trigmals showed that protein expression was completely abolished in the respective homozygous mutants while gering step of neurotransmitter release.
protein levels in heterozygous animals were reduced ( Figure 1D ). Double mutants lacking both CPXs were Results generated by interbreeding of parents carrying at least one mutant allele of each CPX gene. For routine experiGeneration of CPX I and CPX II Deletion Mutant Mice mentation, mice heterozygous for the CPX I mutation and homozygous for the CPX II mutation were crossed Deletion mutations in the murine CPX I and II genes and homozygous single and double mutants with their to obtain double mutant offspring and control littermates with two wild-type CPX I alleles. Again, the respective respective controls were generated as described in Experimental Procedures (Figures 1A and 1B) . genotypes (CPX I ϩ/ϩ, ϩ/Ϫ, or Ϫ/Ϫ, CPX II Ϫ/Ϫ) were obtained at the expected Mendelian frequency. StanSouthern blot analysis of offspring resulting from interbreeding of mice heterozygous for the CPX I or CPX dard Western blot analysis of brains from newborn pups obtained in such interbreedings showed that expression II mutation demonstrated that the respective genotypes (wild-type ϩ/ϩ, heterozygous ϩ/Ϫ, homozygous Ϫ/Ϫ; of CPX I and CPX II is abolished in homozygous double mutants ( Figure 1E ). Figure 1C) ). However, no such truncated forms were to partial redundancy. In the case of perinatally lethal phenotypes, characterdetectable in the mature hippocampal cultures (10 days in vitro) that were used for all our studies. istics of synaptic transmission are best and most reliably studied in primary cultures. One frequently used culture system is the hippocampal autaptic microdot culture.
Basic Characteristics of CPX I and CPX II
We therefore tested in initial in situ hybridization experiDeletion Mutant Mice ments whether the two CPX isoforms are expressed We found that mice lacking CPX II show no obvious in mouse hippocampus. We found that both CPXs are phenotypic changes. In contrast, homozygous CPX I coexpressed in many regions of the brain ( Figure 1F ). deletion mutants develop a strong ataxia, suffer from Most importantly, pyramidal cells in the CA regions of sporadic seizures, are unable to reproduce, and die the hippocampus as well as granule cells in the dentate within 2-4 months after birth. Although loss of CPX I is gyrus were found to express both CPX I and II. Differenultimately fatal, the fact that mice lacking either CPX I tial distributions of the two CPXs were apparent in parts or CPX II live for at least 2 months after birth indicates of the thalamus (no CPX II), the striatum (no/little CPX that CPXs I and II are partially redundant. We therefore I), and in superficial layers of the cerebral cortex (no/little generated double mutants lacking both CPX isoforms. CPX I). Thus, the mouse hippocampal primary culture Homozygous CPX I/II double mutants die within a few system is well suited for the analysis of CPX I/II double hours after birth.
mutants. In order to detect possible developmental changes Patch clamp recordings from single isolated neurons or alterations in brain structure due to CPX deletion were used to assess possible defects of presynaptic mutations, we analyzed morphological characteristics properties induced by the loss of CPXs. Synaptic reof brains from homozygous adult CPX I and CPX II single sponses were evoked by brief somatic depolarization mutants as well as newborn CPX I/II double mutants.
(2 ms depolarization from Ϫ70 mV holding potential to We found that in all cases, the structure and cytoarchi-0 mV) and measured as peak inward currents a few ms tecture of mutant brains and the distribution of synaptic after action potential induction. We concentrated our markers ( Table 1 ) already suggested that the size of the readily releasable vesicle pool is not changed in the absence measured at Ϫ70 mV in the presence of 200 nM tetrodotoxin. We found that mEPSC frequencies, amplitudes, of CPXs. Sizes of readily releasable vesicle pools were quantified by measuring the responses of mutant cells and charges were essentially identical in all genotypes tested (Table 1) . Thus, we can rule out that a vesicular and their appropriate controls to application of 500 mOsm hypertonic sucrose solution for 3-4 s. Typically, transmitter uptake process or a postsynaptic dysfunction is responsible for the reduced evoked EPSC amplithis treatment induces release of the readily releasable vesicle pool, which in turn leads to a transient inward tudes observed in CPX I/II double mutants. Rather, the observed phenotype is likely to be due to a comprocurrent followed by a steady current component (Rosenmund and Stevens, 1996; Figure 2D ). The transient part mised regulation of the presynaptic transmitter release machinery.
consists of a burst-like release of vesicles resulting from the forced fusion of all fusion-competent, primed vesiReadily Releasable Vesicle Pools and Release Probability cles. The total number of vesicles in the readily releasable pool of a cell is represented by the integral of the In principle, changes in any step of the synaptic vesicle cycle can ultimately influence evoked EPSC sizes. In a total charge of the transient current component after application of hypertonic solution divided by the charge The synaptic release probability P r depends on the number of fusion competent vesicles per synapse and of the average mEPSC. In all analyzed genotypes, the vesicle pool size was similar and amounted to approxitheir release probability P vr . Thus, the reduction in vesicular release probability P vr that we observed in CPX I/II mately 6000 vesicles per cell ( Figure 2D ; Table 1 ). Direct comparison of mEPSC rates and pool sizes showed that double mutant neurons ( Figure 2E , Table 1 ) should result in a reduced synaptic release probability P r . We estithe spontaneous fusion rate of individual vesicles was unchanged in all groups and that total readily releasable mated the synaptic release probability in double mutant mice by analyzing the progressive block of NMDA receppools were completely turned over within approximately 800 s (not shown). Thus, the reduced evoked EPSC tor-mediated synaptic currents in the presence of MK-801, which reflects the release probability across all amplitudes in neurons lacking CPXs I and II are not due to an underlying reduction of readily releasable vesicle synapses of a given neuron ( Interestingly, we also observed in our 50 Hz stimulation experiments that the slow, asynchronous component of release from double mutant cells following the 50 Hz train tended to be at least as large as or even larger than that in control cells ( Figure 4B ). This suggests that CPXs selectively affect fast synchronous neurotransmitter release, as has been reported for Synaptotagmin I (Geppert et al., 1994) . To determine whether this specific effect of the CPX I/II double mutation on synchronous transmitter release is independent of stimulation history, we reanalyzed the time course of evoked EPSCs during low frequency stimulation. We averaged EPSCs from double mutant and control cells and examined the time course of release ( Figure 4C ). Peak release rates were normalized to the size of the readily releasable vesicle pool and were found to be three times larger in CPX II single mutant control cells (4.82 pool units/s) than in CPX I/II double mutant cells (1.70 pool units/s). Synchronous release was distinguished from asynchronous release by exponential fitting of the evoked charge integral ( Figure 4C ). We observed a striking and selective difference between double mutant and control cells with unaffected by the mutation while the Ca 2ϩ sensitivity of CPX is expressed in brain and that no unknown mechanisms limit synaptic transmission and lead to an approxithe synchronous release phase is specifically reduced ( Figure 5B) 
